The systemic administration of an agonist antibody against glucocorticoid-induced tumor necrosis factor receptor related (GITR) protein has been shown to be eVective in overcoming immune tolerance and promoting tumor rejection in a variety of murine tumor models. However, little is known regarding the functional consequence of ligation of GITR with its natural ligand (GITR-L) in the context of regulatory T cell (Treg) suppression in vivo. To determine the mechanism of GITR-L action in vivo, we generated a panel of tumor cell clones that express varying levels of GITR-L. The ectopic expression of GITR-L on the tumor cell surface was suYcient to enhance anti-tumor immunity and delay tumor growth in syngeneic BALB/c mice. Within the range examined, the extent of anti-tumor activity in vivo did not correlate with the level of GITR-L expression, as all clones tested exhibited a similar delay in tumor growth. The localized expression of GITR-L on tumor cells led to a signiWcant increase in CD8 + T cell inWltration compared to the levels seen in control tumors. The increased proportion of CD8 + T cells was only observed locally at the tumor site and was not seen in the tumor draining lymph node. Depletion studies showed that CD8 + T cells, but not CD4 + T cells, were required for GITR-L mediated protection against tumor growth. These studies demonstrate that signaling between GITR-L and GITR in the tumor microenvironment promotes the inWltration of CD8 + T cells, which are essential for controlling tumor growth.
Introduction

CD4
+ CD25 + regulatory T cells (Tregs) represent a subset of T cells with an essential role in controlling T cell responses to prevent over reactive immune responses [23] . The absence of Tregs can have deleterious eVects and lead to the generation of organ-speciWc autoimmunity [24] . Conversely, the presence of Tregs can also be harmful by preventing the generation of anti-tumor immunity [27] . In a wide variety of human cancers, Tregs are present at high levels in the peripheral blood and in the tumor microenvironment of patients, suggesting that Tregs contribute to the negative regulation that limits anti-tumor immunity [11, 18, 36, 37] . Indeed, the increase in Treg cells in the peripheral blood and in the tumor of patients with cancer is correlated with poor prognosis and reduced survival [4, 25] . The depletion of Tregs prior to tumor challenge using an antibody targeting CD25 expressed on Tregs (PC61) is suYcient to promote the generation of tumor reactive T cells [21, 27] and enhance vaccine eYcacy [32] in preclinical mouse models. However, administration of PC61 does not lead to regression of established tumors [21] , indicating that overcoming Treg-mediated immune suppression in cancer after the expansion of tumor speciWc Tregs remains a critical obstacle to generating a protective anti-tumor response.
Glucocorticoid-induced TNF receptor related protein (GITR) is a member of the TNF receptor superfamily that is expressed at high levels on the surface of Tregs and is present at low levels on CD4 + and CD8 + T cells, macrophages, NK cells, and B cells [9, 12, 17, 22, 28, 29] . However, upon TCR activation, the expression of GITR is rapidly upregulated on CD4 + and CD8 + T cells [28] . The physiological ligand for GITR, GITR-L, is a type II transmembrane protein that has been detected on the surface of antigen presenting cells, including dendritic cells, B cells, and macrophages [13, 30, 33] . Activation of GITR on CD4 +
CD25
¡ and CD8 + eVector T cells using a GITR agonist antibody (DTA-1) or recombinant GITR-L has been shown to provide a potent costimulatory signal to promote their resistance to Treg suppression [22, 30, 33] . Additionally, signaling through GITR on Tregs has been shown to directly inhibit their ability to suppress T cell proliferation [28] . It is a matter of debate whether the mechanism responsible for breaking T cells out of Treg suppression functions through GITR signaling on Treg cells [28] , CD4 + or CD8 + T cells [30] , or possibly a combination of signals [22] . Nevertheless, systemic GITR stimulation in vivo using a GITR agonist antibody (DTA-1) has been eVective in preventing the growth of advanced tumors [14] , indicating that GITR stimulation in vivo is suYcient to overcome Treg-mediated tolerance in cancer.
To date, manipulation of GITR signaling for the treatment of cancer has been primarily achieved through the systemic administration of an agonist antibody speciWc for GITR. However, systemic GITR stimulation can aVect many GITR expressing cells in vivo and has also been shown to exacerbate autoimmune responses [3, 15, 19, 28, 31, 35] . Interestingly, injection of anti-GITR directly into tumor masses can promote tumor regression at a much lower dose of antibody compared to systemic anti-GITR administration [14] . Furthermore, local anti-GITR administration results in a decreased level of autoantibody production compared to systemic anti-GITR administration [14] . Taken together, these results suggest that the manipulation of GITR signaling locally at the tumor site may be more eVective at promoting anti-tumor immunity without deleterious autoimmunity. However, how local GITR signaling inXuences the cellular dynamics of tumor inWltrating lymphocytes is not clear.
To gain insight into the mechanisms of local GITR ligation in vivo, a panel of CT26 tumor cell clones expressing varying levels of GITR-L was generated. The localized expression of GITR-L in the tumor microenvironment was found to be suYcient for the development of an anti-tumor response that delayed tumor growth. Furthermore, the presence of GITR-L at the tumor site speciWcally promoted the local accumulation of CD8 + T cells which were essential for the observed anti-tumor activity.
Materials and methods
Mice
Six to 10-week-old female BALB/c mice were obtained from Taconic Farms Inc. (Germantown, New York). All experiments were performed according to the UCLA Chancellor's Animal Research Committee (ARC; http:// www.oprs.ucla.edu/) Animal Care and Use Training Manual.
EGFP-GITR-L fusion constructs
The full-length cDNA encoding murine GITR-L was ampliWed by PCR from pCR3.1 mGITR-L (a kind gift from Dr. B.S. Kwon, Ulsan, Korea) using the forward primer GCCTAGGATGGAGGAAATGCCTTTGAGAGAGTCAA GTC and the reverse primer CGGATCCCTAAGAGA TGAATGGTAGATCAG. The plasmid pEGFP-C1 (Clontech, Mountain View, CA) was linearized by digesting with BglII and the overhangs Wlled in using Klenow. The blunt end PCR fragment was cloned into the linearized pEGFP-C1 to generate the plasmid pEGFP-GITR-L. Truncated pEGFP-ECD was generated by placing a premature stop codon after amino acid 48 of GITR-L, Wve amino acids downstream of the putative transmembrane domain. The pEGFP-ECD plasmid was ampliWed by PCR from the pEGFP-GITR-L plasmid with the forward primer AGT GAACCGTCAGATCGGCTAGCGCTACCGGT and the reverse primer GATCCGGATCCctaGACAGTTGGCTT GAGTGAAGTATAGATCAGTGTA containing a premature stop codon, shown underlined and in bold. The PCR fragment was digested with NheI and BamHI and inserted into pEGFP-GITR-L digested with NheI and BamHI. All ampliWcation reactions were performed with 1 U of Pfu DNA polymerase (Stratagene, La Jolla, CA). PCR cycling began at 95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and ended with 10 min at 72°C.
Tumor cell lines
CT26 is a poorly immunogenic murine colorectal carcinoma cell line that is unable to elicit a detectable tumor speciWc CTL response when injected into syngeneic hosts [5] . CT26 cells were cultured in Iscoves ModiWed Dulbecco's Medium (IMDM) supplemented with 5% bovine calf serum (CS), 2 mM L-glutamine, 100 U/ml penicillin, and 100 g/ ml streptomycin. The plasmid pEGFP-GITR-L or the control plasmid pEGFP-ECD was stably transfected into tumor cells using Lipofectin (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. G418 resistant cells were pooled and sorted for GFP expression on a FACSVantage SE cell sorter (Becton Dickson, San Jose, CA). GFP-positive cells were subsequently cloned by limiting dilution and analyzed again for GFP expression by Xow cytometry. Three GITR-L expressing clones (Low, Med, Hi) and one non-functional GITR-L clone ( ECD) were chosen for further analysis based on GFP expression. In vitro proliferation of tumor clones was measured using CellTiter 96 AQueous (MTS) solution (Promega, Madison, WI).
In vitro T cell proliferation assays
Splenocytes were harvested from naïve mice and depleted of red blood cells using ACK lysis buVer (0.15 M NH 4 5 cells/well) and stimulated with a sub-optimal concentration of anti-CD3 (clone 145-2C11) (BD Biosciences, San Jose, CA) (0.0125 or 0.05 g/ml). Following incubation at 37°C for 60 h, the cells were stained with Xuorescently conjugated antibodies speciWc for CD4 and CD8 and analyzed by Xow cytometry. Proliferation of CD4 + or CD8 + T cells was evaluated by monitoring CFSE dilution by Xow cytometry gating on either the CD4 positive or the CD8 positive population, respectively. Data were acquired in an LSR I Xow cytometer (BD Biosciences) and analyzed using Flowjo software (Treestar, Ashland, OR).
In vivo tumor growth
To preserve cell surface molecules, tumor cells were harvested with PBS containing 1 mM EDTA, washed three times with Hanks balanced salt solution (HBSS), and resuspended at a concentration of 6.7 £ 10 5 cells/ml. Eight mice per group were injected subcutaneously (s.c.) in the right Xank with 10 5 tumor cells in 150 l of HBSS and monitored three times a week for tumor growth using a caliper. Tumor size was followed in two perpendicular dimensions using calipers and described as the tumor cross-sectional area (mm 2 ). The mice were sacriWced when the tumor diameter reached 15 mm.
Analysis of tumor inWltrating lymphocytes
To characterize tumor inWltrating lymphocytes, 10 5 tumor cells in 150 l of HBSS were injected s.c. in the right Xank as described above. Twelve days after tumor inoculation, tumors were removed and tumor inWltrating lymphocytes (TILs) liberated by mincing the tumor tissue into small pieces, followed by enzymatic digestion with 1 mg/ml collagenase (Sigma-Aldrich, St Louis, MO), 2.5 U/ml hyaluronidase (Sigma-Aldrich, St Louis, MO), and 0.1 mg/ml DNase (Sigma-Aldrich, St Louis, MO) for 2 h at 37°C with gentle agitation. Cell suspensions were layered onto Lympholyte-M (Cedarlane laboratories, Burlington, NC) according to the manufacturer's instructions to remove dead cells and debris. Isolated lymphocytes were prepared for Xow cytometric analysis as described below.
Flow cytometry
Cell surface antigens were characterized using the following mAbs: anti-CD4 (clone RM4-4), anti-CD8 (clone 53-6.7), anti-Foxp3 (clone FJK-16 s), and anti-CD3 (clone 145-2C11). The cells were incubated with FcBlock (BD Biosciences, San Jose, CA) in FACS staining buVer (PBS containing 1% CS and 0.02% azide), followed by incubation with the appropriate Xuorochrome-conjugated mAbs for 20 min at room temperature, and then washed. For intracellular Foxp3 staining, cells were Wxed and permeabilized with Foxp3 Wxation/permeabilization buVer (eBiosciences, San Diego, CA) before intracellular staining with APC-conjugated anti-mouse Foxp3 (clone 2D5). All antibodies were purchased from BD Biosciences with the exception of anti-Foxp3, which was purchased from eBiosciences. For four-color Xuorescence staining, 10,000 live events were collected on a cytoXuorometer (LSR; BD Biosciences, San Jose, CA), and analyzed with Flowjo software (Treestar, Ashland, OR).
CD4
+ and CD8 + T cell depletion in vivo
Rat anti-mouse CD4 (clone GK1.5) and rat anti-mouse CD8 (clone 2.43.7) were puriWed from hybridomas, a gift from Dr. Carrie Miceli (UCLA, Los Angeles, CA). The hybridomas were maintained in IMDM supplemented with 5% CS in a 37°C, 5% CO 2 humidiWed incubator. The cells were expanded in roller bottles and the supernatants harvested and passed through a Sepharose-protein G column. Protein G bound GK1.5 or 2.43.7 was eluted using 0.1 M glycine at pH 2.5 and fractions were immediately neutralized with 2 M Tris-HCl pH 8.0. Mice were depleted of CD4 + or CD8 + cells by i.p. injection with GK1.5 or 2.43.7, respectively. A total of 100 g of antibody in PBS was injected every other day for a total of three injections. One day following the last injection, mice were injected s.c. with 10 5 CT26-ECD or CT26-Med tumor cells. To maintain T cell depletion, mice were injected i.p. with the same dose of antibodies every 6 days for the duration of the experiment. A set of control mice was sacriWced 1 day after the last injection and analyzed for depletion of CD4 + or CD8 + cells. Greater than 99% of circulating CD4
+ and CD8 + cell subsets were depleted by this procedure as veriWed by Xow cytometry using anti-mouse CD3 (clone 145-2C11), CD4 (clone RMA4-4), and CD8 (clone 53-6.7) (data not shown). The antibodies used for veriWcation recognize a diVerent epitope than the depleting antibody and did not interfere with their binding (data not shown). PBS alone was used as a control.
In vitro generation of cytotoxic T lymphocytes
Spleens were harvested from CT26-ECD and CT26-Med mice 14-15 days post-tumor inoculation. Cells were isolated as described above and resuspended at a concentration of 2.5 £ 10 6 cells/ml in CTL medium (RPMI-1640 supplemented with 1% glutamine, 10% FBS, 50 M 2-ME, 50 U/ ml penicillin, and 50 g/ml streptomycin). Splenocytes were cultured with gamma irradiated parental CT26 tumor cells (100 Gy) at a 20:1 ratio of splenocytes to target cells in 6-well plates at 37°C in a 5% CO 2 air-humidiWed atmosphere for 5 days. Nonadherent cells were then harvested and used as eVector cells at diVerent eVector to target ratios in a standard 4-h chromium-release cytotoxicity assay. BrieXy, CT26 target cells were harvested using PBS containing 1 mM EDTA, washed twice with medium and labeled with 200 Ci 51 Cr (Perkin Elmer, Waltham, Massachusetts) for 2 h at 37°C. Spontaneous Cr leakage was measured in the absence of splenic eVector cells. Maximum Cr release was determined by addition of Triton X-100 to a Wnal concentration of 1%. The percentage speciWc cytotoxicity was determined using the following equation: % speciWc cytotoxicity = (experimental release ¡ spontaneous release)/(maximum release ¡ spontaneous release) £ 100.
Anti-CD3 induced cell death
Single cell suspensions of splenocytes were isolated as described above. Splenocytes from naïve mice (1.3 £ 10 6 cells) were incubated with irradiated (100 Gy) CT26/ ECD or CT26/GITR-L clones (1 £ 10 5 cells) and anti-CD3 (0.05 g/ml) in a 24-well Xat bottom plate. After 60 h of incubation, cells were harvested, blocked with FcBlock, stained with antibodies speciWc for CD4 and CD8, and assayed for apoptosis using Vybrant Apoptosis Assay Kit #2 (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions.
Histology and confocal microscopy Mice were injected s.c. in the Xank at day 0 with 10 5 CT26-ECD or CT26-Med tumor cells. At day 12, tumors were dissected and snap-frozen in OCT. Ten-micrometer sections were generated with a cryomicrotome, Wxed in acetone, and stained with anti-CD4-PE, anti-CD8-APC, and anti-Foxp3-biotin followed by streptavidin-alexa 488. Samples were analyzed with a Leica Microsystems inverted confocal microscope with a 40£ oil immersion objective. The images were analyzed with Leica Confocal Software and Adobe Photoshop (Adobe Systems, San Jose, CA).
Statistical analysis
The log-rank test was performed for survival analysis and Student's t test was used for all other analyses. P values of <0.05 were considered signiWcant.
Results
Generation of tumor cells expressing GITR-L
The growth of CT26 can be delayed or prevented if regulatory T cells are depleted prior to tumor challenge using a monoclonal antibody speciWc for CD25 expressed on Treg cells [7] , suggesting that, with CT26, Tregs play a role in inhibiting anti-tumor immunity. In order to understand the functional outcome of GITR-L signaling in the context of Treg-mediated suppression in vivo, we generated CT26 tumor cell clones expressing varying levels of GITR-L. To monitor GITR-L expression, the sequence encoding fulllength murine GITR-L was cloned inframe, downstream of enhanced (E) GFP (Fig. 1c) . The resulting pEGFP-GITR-L vector was transfected into CT26 tumor cells and selected for stable expression using G418. A panel of GITR-L expressing clones was isolated from the stably transfected cells based on the level of GFP Xuorescence (Low, Med, Hi) (Fig. 1a) . A non-functional GITR-L clone generated by transfecting tumor cells with DNA encoding a GFP-GITR-L fusion with a truncated GITR-L extracellular domain ( ECD) served as a control (Fig. 1a, c) . The level of GFP expression in the CT26/GITR-L clones ranged from a 14-fold increase in mean Xuorescence intensity (CT26-Hi) to a 1.4-fold increase (CT26-Low) compared to untransfected CT26 cells, which also correlated with an increase in GITR-L gene expression ( Fig. 1b; supplemental Fig. 1 ). The level of expression of the control CT26-ECD was similar to the level of CT26-Low (Fig. 1b) . Importantly, unlike many tumor cell lines of hematopoietic origin, CT26 does not express GITR [14] and the expression of GITR-L did not inXuence the growth of CT26 tumor cell in vitro (data not shown).
GITR-L expressed on the tumors exhibits costimulatory activity in vitro GITR signaling in T cells has been shown to enhance T cell proliferation by providing costimulatory signals [33] . To determine if GITR-L expressed on the surface of transfected tumor clones retains costimulatory activity, a T cell proliferation assay was performed. CFSE labeled splenocytes were stimulated with anti-CD3 in the presence of GITR-L expressing tumor cells and the proliferation of T cells measured by CFSE dilution. On a per cell basis, CD4 + T cells incubated with GITR-L expressing tumors underwent more rounds of cell division, as demonstrated by a decrease in CFSE mean Xuorescence compared to control CT26-ECD tumors (Fig. 2a) . The presence of CT26-Low, CT26-Med, and CT26-Hi tumors led to a 6, 46, and 56% decrease in CFSE mean Xuorescence intensity of CD4 + T cells, respectively, compared to CT26-ECD tumors. Thus, the level of GFP expression of the tumor clones (Fig. 1b) closely correlates with GITR-L costimulatory activity. The costimulatory activity of GITR-L expressing tumors was evident at low concentrations of anti-CD3 (0.0125 or 0.05 g/ml) (Fig. 2b, c, respectively) , but not at higher concentrations (>0.5 g/ml) (data not shown). CT26-Hi tumor cells exhibited a consistently higher costimulatory activity compared to anti-CD28 costimulation at the lower anti-CD3 concentration (0.0125 g/ml) (P = 0.013), but at a higher anti-CD3 concentration (0.05 g/ml) both CT26-Hi and anti-CD28 costimulation resulted in a similar enhancement in T cell proliferation. Similarly, the presence of CT26-Low, CT26-Med, and CT26-Hi tumors led to a 14, 34, and 39% decrease in CFSE mean Xuorescence intensity of CD8 + T cells, respectively, compared to CT26-ECD tumors (supplemental Fig. 2) . However, in vitro stimulated CD8 + T cells have been shown to proliferate more extensively than CD4 + T cells A [6] , which made it diYcult to discriminate the extent of CD8 + T cell costimulation under these conditions. GITR, like many costimulatory molecules, has been shown to protect T cells from anti-CD3-induced apoptosis [20] . Thus, to determine whether tumors expressing GITR-L enhance the survival of CD8 + T cells, apoptosis was measured by annexin V and propidium iodide staining at 60 h after anti-CD3 stimulation. Incubation with CT26-Med and CT26-Hi tumors signiWcantly enhanced the survival of anti-CD3 stimulated CD4 + T cells (Fig. 2d ) and CD8 + T cells (Fig. 2e) compared to controls. Under these conditions, the CT26-Low tumors did not demonstrate GITR-L activity and did not protect T cells from anti-CD3-induced apoptosis.
These results conWrm that the GFP-GITR-L fusion protein expressed by the tumor cells retains GITR-L activity and can provide a potent costimulatory signal for both CD4 + and CD8 + T cells. Additionally, these experiments 
N.S.
also demonstrate that GITR-L costimulatory activity with low levels of anti-CD3 stimulation in vitro correlates with the level of GFP expression, and presumably the level of GITR-L expression.
Localized expression of GITR-L inhibits tumor development in vivo
To investigate if GITR-L expression on the tumors was suYcient to alter tumor growth kinetics in vivo, CT26/ GITR-L tumor cells were injected s.c. into syngeneic BALB/c mice. Irrespective of the level of GITR-L expression, the presence of GITR-L on the tumor cells signiWcantly enhanced the survival of mice challenged with the tumor compared to the control CT26-ECD tumors (P < 0.001, log-rank test) (Fig. 3a) . The average tumor size of the CT26/GITR-L tumors was »50-70% smaller than that of the CT26-ECD control tumors at day 16 (P < 0.01, Student's t test), when the tumor diameter of the mice injected with CT26-ECD control tumor cells reached 1.5 cm and required euthanization (Fig. 3b) . Despite the correlation between the level of GITR-L expression and GITR-L costimulatory activity observed in vitro (Fig. 2b) , the average growth rate of the tumors and the overall survival of mice did not correlate with GITR-L expression (Fig. 3a, b) . The CT26-Low tumors, which demonstrated minimal costimulatory activity in vitro (Fig. 2) , exhibited a similar growth and survival rate compared to CT26-Med and CT26-Hi tumors. Importantly, ectopic expression of EGFP in the CT26 tumor cells did not alter their in vivo growth rate, as CT26-ECD tumor cells grew at a rate similar to that of untransfected parental CT26 tumor cells (data not shown). Taken together, localized GITR-L expression in tumor cells can result in signiWcantly delayed tumor growth in vivo, but within the range analyzed, the rate of tumor growth did not appear to correlate with the level of GITR-L expression. Although the tumors expressing GITR-L grew more slowly, virtually all of the mice eventually succumbed to the tumor. Since the level of GITR-L expression was not predictive of overall survival, the remaining experiments were performed using CT26-Med tumors. (Fig. 4) . To quantify the diVerences in the T cell populations of tumor associated lymphocytes, tumors and draining lymph nodes were harvested at day 12 post-tumor challenge and analyzed by Xow cytometry. Consistent with the immunohistochemical data, the majority of T cells inWltrating the CT26-Med tumor were CD8 + T cells ( Fig. 5a; supplemental Fig. 3 ). The GITR-L expressing CT26-Med tumors exhibited an increase in the proportion of tumor inWltrating CD8 + T cells compared to the control CT26-ECD tumor (P = 0.008) (Fig. 5a) , while the proportion CD4 + Foxp3 ¡ conventional T cells was decreased (P = 0.007) (Fig. 5b) . No signiWcant diVerences were observed in the proportion of Tregs between CT26-ECD and CT26-Med tumors (Fig. 5c) . 
B
The tumor inWltrating CD8 + T cells from CT26-Med tumors also exhibited a modest but consistent increase in the level of granzyme B compared to CT26-ECD tumors as determined by Xow cytometry (supplemental Fig. 4) . The relative increase in CD8 + T cells appeared to be speciWc to the microenvironment of the tumors expressing GITR-L, as no diVerences were observed in the proportion of T cells compared to naïve mice in the lymph nodes draining either GITR-L expressing or non-expressing tumors (Fig. 5d-f) . Furthermore, no changes were seen in the proportion of T cells in the draining lymph node at an earlier time point (day 6, data not shown). The increase in CD8 + T cell accumulation resulted in an increase in the ratio of CD8 + T cells to CD4 + Foxp3 ¡ cells (Fig. 5g) and an increase in the ratio of CD8 + T cells to Treg cells (Fig. 5h) , whereas the ratio of CD4 +
Foxp3
¡ to Treg cells remained unchanged (Fig. 5i) . Taken together, the data suggest that ectopic GITR-L expression on CT26 tumors promotes the accumulation of CD8 + T cells with increased eVector function within the tumor. 
CD4
CD8 Foxp3
A CT26-ECD B CT26-Med + or CD8 + T cells did not inXuence the growth rate of CT26-ECD tumors compared to PBS treated controls (Fig. 6a) , the depletion of CD8 + T cell completely abrogated the delayed tumor growth observed for CT26-Med tumors (Fig. 6b) . The absence of CD4 + T cells did not alter the growth rate of CT26-Med tumors compared to PBS treated mice (P > 0.05) (Fig. 6b) , suggesting that CD4 + T cell costimulation and/or loss of Treg function did not make a signiWcant contribution to the delayed growth of GITR-L expressing tumors. These results suggest that the generation of functional CD8 + T cells is the primary mechanism of GITR-L mediated inhibition of tumor growth.
GITR-L expression by tumor cells can lead to the generation of tumor speciWc CTLs
To determine if the enhanced CD8 + T cell inWltration observed in GITR-L expressing tumors correlated with the generation of cytotoxic CD8 + T cells speciWc to CT26 tumor antigens, splenocytes and draining lymph nodes harvested at day 14 from mice challenged with CT26-ECD or CT26-Med tumors were used to generate CTLs in vitro using parental CT26 tumor cells as stimulators. CTLs from mice bearing GITR-L expressing CT26-Med tumors consistently showed increased CTL activity compared to CTLs from mice bearing CT26-ECD tumors (Fig. 7) . Thus, localized GITR-L expression within the tumor can lead to the generation of peripheral cytotoxic T cell precursors with tumoricidal activity in vitro.
Discussion
The expression of GITR on many types of immune cells has made it diYcult to ascertain the functional outcome of GITR signaling in diVerent contexts in vivo. In this study, we have used the poorly immunogenic CT26 colon adenocarcinoma as an in vivo model to analyze the impact of GITR signaling in the tumor microenvironment. We have demonstrated that localized GITR signaling in the tumor microenvironment is suYcient to promote an anti-tumor response through a CD8 + T cell dependent mechanism. Within the range tested, the level of GITR-L expression at the tumor site did not appear to inXuence the extent of in vivo anti-tumor activity. The presence of CD4 + T cells, which would include both the CD4 +
Foxp3
¡ and the Treg cells, was not required for GITR-L mediated protection from tumor growth, suggesting that the generation of functional CD8 + T cells was the primary mechanism of GITR-L mediated protection against tumor growth.
Our data support a model in which the local expression of GITR-L promotes the accumulation of CD8 + T cells at the tumor site and these CD8 + T cells are necessary to control tumor growth. Contrary to the expansion of T cells in the tumor draining lymph node observed upon systemic GITR stimulation in tumor bearing mice [39] , the lack of changes in proportion of T cell populations in the draining lymph node (Fig. 5d-f) suggests that GITR-L is acting locally by directly providing costimulatory signals to the CD8 + T cells inWltrating the tumor. Additional support for this is provided by the observation that the generation of CD8 + T cell dependent anti-tumor immunity did not require CD4 + T cell help as a similar enhancement of antitumor immunity was observed by GITR-L expressing tumors even after CD4 + T cell depletion (Fig. 6b) . However, the possibility that tumor speciWc CD8 + T cells are activated by antigen presenting cells and receive further costimulation at the tumor site cannot be excluded. Although we did not directly assess if GITR signaling on non-T cells plays a role in delaying tumor growth, the complete loss of protection observed following CD8 + T cell depletion suggests that they are the primary eVector cell type (Fig. 6b) . Interestingly, a recent study in which an agonist antibody was used for the systemic stimulation of GITR has shown an essential role for CD4 + T cells in the resulting anti-tumor immunity [39] . Thus, the context of GITR activation in vivo, whether through systemic GITR activation or through local GITR activation of tumor inWltrating lymphocytes, can lead to signiWcantly diVerent functional outcomes.
One challenge is to use anti-GITR or GITR-L to manipulate the T cell compartment and develop an immune response to malignancy without promoting autoimmunity. Under certain conditions, systemic administration of anti-GITR has been shown to break self-tolerance and elicit autoimmune disease [3, 28] . Although no signs of autoimmunity were seen in the present study, it must be noted that the experiments were of short duration given the rapid growth of the tumors and it remains possible that the manipulation of tumor inWltrating CD8 + T cells could lead to autoimmunity. However, since only CD8 + T cells at the tumor site and not in the draining lymph node appeared to be aVected by GITR-L expression on the tumor, it is unlikely that the level of CD8 + T cell activation is suYcient to promote systemic autoimmunity.
As GITR is expressed constitutively on Treg cells and is upregulated on conventional CD4 + Foxp3 ¡ T cells, the observation that the absence of CD4 + T cells did not inXuence GITR-L mediated protection was surprising (Fig. 6b) . Studies by Calmels et al., have demonstrated that the injection of adenovirus expressing recombinant GITR-L into palpable B16 tumors promotes CD4 + and CD8 + T cell inWltration [2] . However, we observed no discernable increase in CD4 + T cell inWltration into tumors constitutively expressing GITR-L (Fig. 4b) . This diVerence may reXect the kinetics or level of GITR-L expression or secondary eVects of adenovirus mediated immune stimulation [10] . There may be several other reasons why localized expression of GITR-L does not appear to modulate the activity of CD4 + Foxp3 ¡ cells or Treg cells in our system. CT26, a tumor of non-hematopoeitic origin, does not express MHC class II which presents antigen to CD4 + T cells. In the absence of antigen speciWc stimulation of CD4 + T cells by the GITR-L expressing tumor cells, GITR-L mediated costimulation is likely to be ineVective. Support for this hypothesis comes from studies by Shimizu et al., demonstrating that abrogation of Treg suppression using an agonist anti-GITR is only eVective when provided at the time of TCR stimulation [28] . Alternatively, GITR stimulation may provide qualitatively diVerent signals to tumor inWltrating CD4 + T cells and CD8 + T cells. Muriglan et al. have shown that whereas anti-GITR stimulation of allogenic CD8 + T cells enhances graft-versus-host disease, allogenic CD4 + T cells are inhibited by anti-GITR stimulation [19] . While diVerences in the level of GITR-L expression by CT26 tumor cells resulted in diVerent levels of in vitro costimulatory activity, there was an apparent lack of inXuence of the level of GITR-L expression in promoting antitumor immunity. Even the CT26-Low tumor clone that exhibited minimal GITR-L activity in the in vitro assays grew with delayed kinetics in vivo. This diVerence may reXect the lack of sensitivity of the in vitro assays. Alternatively, it is possible that the level of GITR-L expression by CT26-Low is equal or greater than the level of GITR-L expression during an immune response. The diVerence may also be attributed to the temporal kinetics of GITR stimulation. Studies using anti-GITR in combination with xenogeneic DNA vaccination have shown that the timing of GITR signaling is crucial for the eVective generation of tumor speciWc CD8 + T cells [3] . In our model, we have observed no loss of GITR-L expression from freshly isolated tumor cells (data not shown), indicating that GITR-L is constitutively expressed on the tumor cell surface and thus would provide continuous costimulation during exposure to antigen.
It has become increasingly clear that the presence of tumor associated regulatory T cells can signiWcantly impact overall survival. For example, the removal of tumor inWltrating Tregs by the local intratumoral depletion of CD4 + T cells is suYcient to promote the rejection of established tumors [38] , suggesting that altering the balance of Treg cells to eVector T cells in the tumor microenvironment may overcome Treg suppression. Indeed, in ovarian cancer, a high ratio of intraepithelial CD8 + T cells to CD4 + Foxp3
¡ and Tregs cells is associated with improved survival [26] . In our studies, the ectopic expression of GITR-L on the tumor led to a shift in the balance of tumor inWltrating lymphocytes, preferentially promoting the accumulation of CD8 + T cells at the tumor site with an increase in the ratios of CD8 + to T cells to CD4 + Foxp3 ¡ and to Treg cells (Fig. 5g, h ). This shift in T cell populations correlated with the generation of peripheral CTLs with cytolytic activity (Fig. 7) and signiWcantly delayed tumor growth (Fig. 3) . Thus, increasing the proportion of tumor inWltrating CD8 + T cells using GITR-L may be a useful strategy for the treatment of human cancer patients, as it has been demonstrated that human GITR-L (huGITR-L) can provide a costimulatory signal for CD4 + and CD8 + T cells [16, 34] . Although huGITR-L has been shown to be ineVective in abrogating Treg suppression in coculture assays in vitro using PBMCs [16, 34] , the over-expression of huGITR-L in human monocyte-derived dendritic cells enhances their capacity to prime antigen speciWc CD8 + T cells [34] and may also enhance tumor speciWc CD8 + T cells in the appropriate context.
Interestingly, it has recently been reported that several human tumor cell lines and some primary human tumors express substantial levels of GITR-L which diminishes the activity of natural killer (NK) cells against the tumor in vitro [1] . However, it should be noted that plasmacytoid dendritic cells activated with CpG can promote NK-cell activity through GITR-L mediated mechanisms [9] , suggesting that GITR/GITR-L interactions can have signiWcantly diVering outcomes depending on the context of signaling. Importantly, we observed no expression of GITR-L on untransfected CT26 tumor cells (supplemental Fig. 1 ) and it remains to be seen whether similar mechanisms of NK cell suppression can be observed in vivo.
Recently, it has been shown that reverse signaling through GITR-L appears to promote immunosuppression through the upregulation of TGF-on human cancer cells [1] or indolamine 2,3-dioxygenase (IDO) on plasmacytoid dendritic cells [8] . These observations suggest that GITR-L mediated reverse signaling may provide a means of negative feedback to prevent excessive costimulation through GITR. However, the role of reverse signaling through GITR-L was not assessed in our studies as little is known regarding the molecular basis of GITR-L mediated reverse signaling.
In previous studies, it has not been clear which cell subpopulation is inXuenced by manipulating GITR/GITR-L interactions as systemic administration of the agonist antibody DTA-1 results in an increase in the activation state of many GITR expressing cells [39] . In the present study, GITR-L is expressed at high levels by the tumor cells which resulted in an increased accumulation of CD8 + T cells at the tumor site. The lack of changes in T cell populations in the draining lymph nodes further supports the hypothesis that the eVect of localized GITR-L expression is within the microenvironment of the tumor, although additional interactions between T cells and other GITR-L expressing cells cannot be excluded. Although within the range investigated, the level of GITR-L expression did not inXuence the extent of tumor speciWc immunity, it is not possible to correlate the level of GITR-L expression on tumor cells with the levels present on antigen presenting cells during an immune response. However, these studies suggest that GITR ligation of tumor inWltrating CD8 + T cells may provide a useful means to expand tumor speciWc CTLs and, when used in combination with other strategies designed to enhance CD4 + Th cell help, inhibit Treg function, or both, may provide a means to generate eVective anti-tumor immunity.
